Abstract. This work present the application of Empirical Mode Decomposition (EMD) to analyze the air borne acoustic signatures commenced during welding process. In order to achieve goals, bead-on -plate welding was done onto the carbon steel specimen using Metal Inert Gas Welding. At the same moment, the microphone with operating frequency of 31.5 Hz to 8 kHz used to collect air borne acoustic signatures. In analysis part, Empirical Mode Decomposition has been applied to the acoustic signals and the selected Intrinsic Mode Function (IMF) was presented in frequency-distance plot using spectrogram. Based on the analysis results, there were 3 significant IMF has been found. Those were IMF mode 3, mode 5 and mode 8 which lie within the frequency of 1500 Hz to 4500 Hz, 200 Hz to 800 Hz, and 40 Hz to 80 Hz respectively. The frequency-distance plot from spectrogram of IMF mode 3 showed a significant pattern which can be related with the discontinuity of welding. The discontinuity appears wherever low amplitude power detected in the frequency-distance plot of IMF mode 3. Moreover, the frequency-distance plot of IMF mode 5 and mode 8 can be significantly related with the spatter and weld pool oscillation condition. High power amplitude in frequency-distance plot of IMF mode 8 can indicates the offset of weld pool oscillation frequency and cause the existence of higher amount of spatter which resulting the high power amplitude in frequency-distance plot of IMF mode 5. In summary, it can be conclude that the application of EMD in the analysis of air borne acoustic signatures allow the detection of several phenomena in welding process which might lead to defect once in a time. This was found to be significant in the process of developing the online welding quality monitoring.
Introduction
Broad application of welding process in industry have lead to the rapid development of welding technology itself. Apart from the development of the new welding technology, the advancement of online welding quality monitoring system also received the great interest. According to Grad et. al [1] , online quality inspection is still not yet broadly implement in industry. However, it is an important factor contributing to higher productivity, lower cost, and greater reliability of welded components. By developing online quality monitoring system, one should be able to detect the uncertainty, detect the type of defect and control the welding parameters based on the feedback obtained.
Based on the previous research, acoustic sound technique is one of the potential methods for online monitoring because it provides the non-contact measurement [1] [2] [3] . The source of acoustic sound or an air borne wave during welding process includes the vibration of weld pool metal, arc plasma jet pulsation [2] , change in arc intensity, and metal transfer [1] . In the previous studies, the analysis of acoustic signatures during the welding process was significantly aid to the process of monitoring the penetration quality [2, 4] , weld pool status [3] , irregularities in welding process, and the process stability [1] which were found lead to the existence of defect. Those studies were being done through the development of the application of a complex signal processing method [2, 3] , and the statistical analysis [1] . Previous work from [1] [2] [3] [4] shows that the frequency components of the acoustic signatures generated from different type of defects were varied. Thus, it is important if the study being broadened into a decomposition of sound wave into a several frequency components. This was believed to be more significant in the development of the quality monitoring system because several type of defect might be detected once in a time.
This work present the application of Empirical Mode Decomposition (EMD) intended to decompose commenced acoustic signature from welding process into a several components with different frequency range. Intrinsic Mode Function (IMF) obtained from EMD algorithm was selected based on the significant pattern and kurtosis value. It were presented in the frequency-distance domain in order to observed the behavior of captured acoustic signatures which can be correlate with several type of defect phenomena at any location on the specimen.
Methodology

Experiment Setup
The schematic of the acquisition system used in this work can be refer in Fig 1. The system consists of TES 1350A microphone with frequency range of 31.5 Hz to 8 kHz placed 20 cm from the welding torch bay-passed directly to analyzer. For the signal acquisition setup, sampling rate of 20 kSamples/s had being choose. During the welding process, the railed clamp was moving based on the welding speed and the torch was in a fixed position. Therefore the distance between the torch and microphone will be kept constant along the experiment. Bead-on-plate welding was done on the 40 mm x 70 mm x 3mm carbon steel specimen using Metal Inert Gas (MIG) welding. The current and voltage were set to 124 A and 23 V respectively while the welding speed was set to be 5 mm/s.
Figure 1 Schematic of experiment setup
Empirical Mode Decomposition
Empirical Mode Decomposition is a non-linear analysis method initially develops by Huang et. al [5] . According to Rilling et. al [6] , the ability of this method has being proven in many past studies. This method is a simple method which applies a simple algorithm without any specific theoretical equation. Based on Huang et. al [5] , the algorithm of EMD follows those steps: i) Find the local extrema and local minima (peak and valley) in the signal y(t). ii) Envelop the signal by plotting all local extrema, and local minima. (max(t) and min(t)) iii) Determine the mean of the envelopt (mean(t) = (max(t) + min (t)) / 2) iv) Extract the intrinsic mode function (IMF(t) = y(t) -mean(t)) v) Iterate the process 
Result and Discussion
Frequency Domain of Intrinsic Mode Function
As a result from the Empirical Mode Decomposition analysis, a total of 16 Intrinsic Mode Function (IMF) was earned and among them, IMF from mode 3, mode 5 and mode 8 were selected for further analysis. The selection of IMF mode 3, mode 5 and mode 8 were based on the significant pattern in high frequency, high kurtosis and significant pattern in low frequency respectively. According to Wang et. al [3] , the oscillation of the weld pool is main source of the lower frequency band sound signal while the plasma jet pulsation possibly cause by the power source fluctuation is the main source of the higher frequency acoustic signatures. Thus, it was believed that the IMF Mode 3 and Mode 8 obtained in this analysis can be significantly used to monitor the plasma jet pulsation phenomena and oscillation condition of weld pool respectively. As previously mentioned, the IMF mode 5 was selected for analysis due to highest value of kurtosis. In the analysis of kurtosis to all mode of IMF, the kurtosis of IMF mode 5 was found to be 108.29. Accordingly, it was expected that the IMF mode 5 can give a significant figure on the spatter phenomena during welding process as studied by Pal et. al [7] . 
Analysis of Intrinsic Mode Function of Acoustic Signatures in Frequency-Distance Domain
In order to clearly discover the relation between the formation of defect and the IMF pattern in frequency-distance domain, the weld bead picture will be plotted together with the raw acoustic signatures and IMF in frequency-distance domain. The analysis were divided into 2 sections which coverage length of 30 mm each. In this analysis the frequency-domain plots were obtain from the spectrogram analysis and the distance was calculated from the welding speed given.
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Engineering Solutions for Manufacturing Processes IV Fig 2 shows the results of the analysis from the first section covered from 0 to 30 mm while Fig 3  shows the analysis results from the second section which covered from 30 mm to 60 mm on weld bead .  Fig 2(a) shows the picture of the weld bead and the raw acoustic signatures while Fig. 2(b) , (c), and (d) show the spectrogram plot in frequency-distance domain of IMF mode 3, mode 5, and mode 8 respectively. As referred in Fig 2(b) , the power of IMF mode 3 had showed the significant pattern within frequency of 1500 Hz to 4000 Hz and it were found at several location which were from 2 mm to 7 mm, and 11 mm to 16 mm on the weld bead. Moreover, for IMF mode 5 and mode 8, the significant pattern was found at 2 mm and from 11 mm to 15 mm on weld bead in Fig. 2(c) and (d) where high amplitude of power detected. However, both patterns were lies within a different frequency range. In contrast with the result presented in Fig 2 (a) least power amplitude values detected from the spectrogram of IMF mode 3 in Fig 3(b) . However, high power amplitude signatures were found at many locations on the weld bead (from 30 mm to 60 mm) from the spectrogram of IMF mode 5 and mode 8. In summary, based on the obtained results in Fig 2 and Fig 3, it can be observed that the amplitude of power in the spectrogram of IMF mode 3 can be significantly related with the discontinuity of welding. In Fig. 2(b) and 3(b) , it were clearly shows that at wherever the location where low amplitude of power detected, the discontinuity occur at the same location (Fig 2(a) and Fig 3(a) ). This was found to be similar with what was obtained by Grad et. al [1] where low sound pressure being detected whenever the discontinuity occur. Robert and Messler [8] explained that one of the factor influences the molten metal transfer is the plasma friction force generated from plasma jet. As explained previously, IMF mode 3 obtained in this analysis can be relate with the plasma jet. Thus, it was believed that the lower amplitude power of IMF mode 3 attained in this study indicates the low amount of plasma friction force. As a consequence, low amount of metal have transferred into the molten pool and the discontinuity occur. However, if Fig 2(a) and (b) were referred in detail, it can be Advanced Materials Research Vols. 889-890found that although high amount of power amplitude was detected from 11 mm to 16 mm on weld bead, the discontinuity still occur. But, it can be considered better than the discontinuities that occur at the location where very small amplitude power being detected. This might be happen due to the high amount of spatter at this location as can be referred in Fig 2(c) . As discussed in previous section, IMF mode 5 and mode 8 can be significantly related with the spatter and oscillation condition of weld pool respectively. According to Robert and Messler [8] the amount of spatter was highly related with the natural oscillation frequency of the weld pool. If the frequency of electrical oscillation of power source coincides with the natural oscillation frequency of weld pool, spatter can be minimized. Therefore, it was expected that wherever high power amplitude being detected in the spectrogram of IMF mode 8 (Fig 2(d) and Fig 3(d) ), the frequency of weld pool oscillation were offset at that moment thus the spatter exist. Thus, these facts explaining why a high amplitude of power in IMF Mode 5 and Mode 8 were detected at the same location. 
Conclusion
In summary, the results show that there were several phenomena can be detected through the frequency-distance plot of the selected IMF obtained from the EMD analysis. Based from the results, the higher frequency IMF can be significantly related with the discontinuity in the welding process. Moreover, the highest kurtosis IMF and the lower frequency IMF can indicate the existence of spatter, and the condition of weld pool oscillation respectively. Thus, it can be conclude that the application of EMD in the analysis of air borne acoustic signatures allow the detection of several phenomena in welding process which might lead to defect once in a time. This was found to be significant in the process of developing the online welding quality monitoring.
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